Introduction
γδ T cells are commonly considered to bridge innate and adaptive immunity as they share with cells belonging to the adaptive immune system the expression of clonally rearranged antigen receptors and with cells of the innate immune system the expression of natural killer receptors (such as Natural Killer Group 2 Member D, NKG2D) and pattern recognition receptors. 1, 2 Moreover, γδ T cells recognize antigens independently of MHC presentation/restriction. In fact, some γδ T-cell receptors (TCRs) such as human Vδ2Vγ9 act like pattern recognition receptors, hence detecting pyrophosphates derived from multiple microbes (and tumor cells) as 'molecular patterns'. 2, 3 γδ T cells share with conventional αβ T cells many effector functions including cytotoxicity, cytokine production and regulatory activity. 4, 5 In addition, it appears that human γδ T-cell subsets can also compete with mature dendritic cells in their capacity to take up, process and present foreign antigens to CD4 + and CD8 + αβ T cells. 6 The MHCnonrestricted cytotoxicity of γδ T cells towards tumor cells of epithelial as well
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Dieter Kabelitz,* Shirin Kalyan, Hans-Heinrich Oberg and Daniela Wesch Institute of Immunology; University of Kiel; Kiel, Germany as hematological origin has recently raised great interest. [7] [8] [9] Human γδ T cells come in two major flavors: Vδ2 T cells account for the majority (50-95%) of circulating γδ T cells (in turn constituting only 5% of T cells in the peripheral blood), whereas γδ T cells expressing other Vδ elements ('non-Vδ2') are rare in the blood but appear at increased frequencies in mucosal tissues and in the skin. 4, 10, 11 Although Vδ1 is the second most frequently used Vδ element, γδ T cells expressing one of the few other available Vδ gene segment have been identified. For the purpose of this article, these cells are collectively referred to as non-Vδ2 T cells.
Vδ2 T Cells: Everybody's Darling
Vδ2 is almost exclusively paired with Vγ9 and Vδ2Vγ9 T cells recognize in a TCRdependent fashion phosphorylated intermediates of the isoprenoid biosynthesis pathway involved in cholesterol synthesis. 12 Such molecules, collectively termed phosphoantigens, are produced by many microbes through the prokaryote-specific non-mevalonate pathway. Microbial phosphoantigens such as (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMB-PP) operate as extremely potent and selective ligands for Vδ2 T cells, stimulating their activation at pico-to nanomolar concentrations. 13 Structurallyrelated pyrophosphates (such as isopentenyl pyrophosphate, IPP) are also generated by mammalian cells via the mevalonate pathway. Like HMB-PP, IPP is recognized by the Vδ2 TCR, but micromolar concentrations are required for the activation of γδ T cells.
14 Vδ2 T cells kill a wide variety of tumor cells including epithelial cancer cells of various origin, acute myeloid administrations-in the absence of other strategies-does not hold promise as an effective anticancer therapy. Alternatively, the safety and efficacy of the adoptive transfer of Vδ2 T cells expanded in vitro has been assessed in several clinical trials involving patients affected by RCC, non-small cell lung cancer and other solid tumors (see refs. 7 and 9 for recent overviews). Generally, the infusion of γδ T cells expanded in vitro appears to be well tolerated, and no major adverse effects have been observed. So far, however, only limited therapeutic benefits have been reported. 7, 9, 35 Interestingly, objective responses were reported in a recent Phase I/II study enrolling 11 patients with advanced RCC. In this setting, the adoptive transfer of Vδ2 T cells was combined with the administration of ZOL, perhaps accounting for transient adverse reactions but also for beneficial effects. 36 Intriguingly, the retrospective analysis of intratumoral γδ T cells and clinicopathological features (i.e., age, gender, tumor size, stage, grade and necrosis) in a large cohort of RCC patients did not reveal any correlation between the abundance of tumor-infiltrating γδ T cells (which were in the 1% range in most cases) and disease outcome. 37 While such data might question the role of γδ T cells in RCC, they do not preclude a potential therapeutic efficacy of adoptively transferred γδ T cells. In the absence of omnipotent ligands for the selective expansion of non-Vδ2 γδ T cells (comparable to phosphoantigens for Vδ2 T cells), it is a demanding task to characterize the potential function of such cells in antitumor immunity. This notwithstanding, there are clear hints for an antitumor function of non-Vδ2 γδ T cells. Vδ1 T cells, which usually constitute a minor proportion of circulating γδ T cells, can exert potent cytotoxic effects against blasts from patients with acute lymphoblastic leukemia (ALL) or AML, 38 as well as against chronic lymphocytic leukemia cells 39, 40 and primary multiple myeloma cells. 41 The reactivity of Vδ1 T cells towards hematological malignancies is not limited to cytotoxicity. In fact, a proliferative response associated N-BPs, tumor cell killing by Vδ2 T cells is enhanced by Toll-like receptor (TLR) agonists 25 and by antibody-mediated cellular cytotoxicity (ADCC) in the presence of tumor-targeting monoclonal antibodies (mAbs). Therapeutically used mAbs such as trastuzumab (anti-HER2) and rituximab (anti-CD20) enhance the cytotoxicity of CD16-expressing γδ T cells by inducing ADCC. 26, 27 Superior activity, both in terms of in vitro killing and clinical efficacy, can be expected from bispecific antibodies that cross-link tumor-cell surface antigens with signaling molecules on T cells. 28 While bispecific antibody constructs based on CD16 or CD3 do not specifically activate or recruit γδ T cells, we are currently exploring constructs targeting Vγ or Vδ chains, which would selectively engage γδ T cells. Pre-clinical studies have demonstrated the efficacy of adoptively transferred Vδ2 T cells against various hematological and solid tumors. 27, 29, 30 Based on these results, and in view of the ease whereby Vδ2 T cells are activated in vivo and expanded in vitro to large cell numbers (by N-BP or phosphoantigen stimulation), several pilot trials have explored N-BPs plus low-dose IL-2 or the adoptive transfer to cancer patients of Vδ2 T cells expanded in vitro. Favorable responses including survival benefits were observed by Dieli et al. in a Phase I study involving a small cohort of patients affected by hormone-refractory prostate cancer and receiving ZOL plus IL-2, correlating with the activation of Vδ2 T cells in vivo. 31 In contrast, no objective clinical responses were reported in a pilot study and a prospective Phase I/II trial involving renal cell carcinoma (RCC) and melanoma patients. 32, 33 Although Vδ2 T cells are transiently activated in vivo upon the administration of ZOL, γδ T cells rapidly exhaust upon repeated application of N-BPs. In a recent study, we observed a dramatic decline of peripheral blood γδ T cells in osteoporotic patients who were on i.v. or oral N-BP treatment. 34 Even though these patients did not receive IL-2 together with N-BPs, a similar reduction was also observed in cancer patients upon repeated administrations of ZOL together with IL-2. 32 Therefore, the activation of potentially tumor-reactive Vδ2 T cells in vivo by repeated N-BP plus IL-2 leukemia (AML) blasts, lymphoma cells as well as putative cancer stem cells. 7, [15] [16] [17] [18] The stimulation of Vδ2 in vitro with natural or synthetic phosphoantigens (in the presence of interleukin-2, IL-2) triggers a rapid, massive and selective expansion of Vδ2 T cells. Due to the ease whereby Vδ2 T cells are expanded in vitro (even under good manufacturing practice conditions), the adoptive transfer of these cells to tumor patients has been performed in several studies (see below). In addition to phosphoantigens, aminobisphosphonates (N-BPs) can be used to selectively activate Vδ2 T cells. N-BPs such as zoledronic acid (ZOL) are licensed for the treatment of patients with osteoporosis as well as metastatic cancer patients, as they inhibit osteoclastic bone resorption. In addition, ZOL and related N-BPs interfere with the mevalonate pathway by inhibiting the enzymatic processing of the Vδ2-activating metabolite IPP, leading to its accumulation. 19 Importantly, N-BPs enhance the susceptibility of multiple tumor cells to γδ T cellmediated lysis, following increased IPP production. 15, 16, 20 As a consequence, the activation of Vδ2 T cells in vivo by therapeutic applications of N-BPs together with low doses of IL-2 has been explored as an alternative approach to the adoptive transfer of Vδ2 T cells expanded in vitro. The role of tumor-(or microbe-) derived phosphoantigens in the activation of human Vδ2 T cells is undisputed, yet also stressinduced molecules such as homologues of bacterial mismatch repair proteins (human MutS homologue 2, hMSH2) can be recognized by the Vδ2 TCR when ectopically expressed on cancer cells. 21, 22 Moreover, Vδ2 T cells can kill tumor cells independently of TCR-mediated recognition, for instance upon the activation of NKG2D by tumor cell-expressed NKG2D ligand MHC Class I-related chain A (MICA).
23 UL16-binding proteins (ULBPs) constitute a second group of human NKG2D ligands. ULBP1 has been shown to determine the susceptibility of leukemia and lymphoma cell lines to Vδ2 T cells. 17, 24 As demonstrated by antibody-mediated blocking experiments, the respective contribution of TCR-versus NKG2D-dependent activation to the killing of different tumor cell targets by Vδ2 T cells varies considerably. 15 In addition to the efficacy of this process and additionally drive the licensing of γδ T cells for professional antigen presentation. 54 In view of the so far limited success of dendritic cell-based antitumor vaccination, it appears unrealistic to expect better results with Vδ2 antigen-presenting cells (APCs). Nevertheless, such an approach might be advantageous if combined to other antitumor strategies. Along these lines, recent data indicate that γδ T cells play a pivotal role in determining the efficacy of anticancer chemotherapy. In several murine transplantable tumor models, anticancer drugs that induced immunogenic cell death (such as oxaliplatin or anthracyclines) triggered the local invasion of IL-17-producing γδ T cells, which occurred before and was required for the subsequent invasion of tumor-reactive cytotoxic T lymphocytes. 55 Although it is presently unknown whether such a mechanism also applies to humans (and if so, which γδ T-cell subset is involved), this is an important issue for the future development of combinatorial immunotherapies against cancer. 9 
Functional Plasticity of γδ T Cells:
Beware of the Suppressors γδ T cells enjoy a remarkable degree of functional plasticity. 4, 5 As discussed above, circulating Vδ1 T cells exert potent antileukemia/lymphoma effector activities. In contrast, Vδ1 T cells infiltrating breast tumors exhibit immunosuppressive functions and inhibit αβ T-cell and dendriticcell activation, thus supporting immune escape. 56 Under the influence of transforming growth factor β (TGFβ), the regulatory activity associated with FOXP3 expression is also inducible in Vδ2 T cells. 57 As with CD4 + T cells, the local micromilieu impacts on the functional differentiation of γδ T cells in the course of their activation. transplation, 48 Halary and coworkers discovered that these γδ T cells recognize both CMV-infected cells and intestinal tumor cells. 49 Moreover, CMV-reactive Vδ2-negative γδ T cells exhibited antitumor activity against colon carcinoma cells in a pre-clinical adoptive transfer model. 50 Interestingly, there is also clinical evidence for a role of Vδ2-negative γδ T cells in immunosurveillance of kidney transplanted patients who are at an increased risk to develop cancer. Couzi et al. reported that an increase in Vδ2-negative γδ T cells is significantly associated with a lower incidence of cancer development, but only in patients who experienced CMV infection. 51 Recently, Déchanet-Merville's group could identify the shared ligand of CMV-infected endothelial cells and epithelial tumor cells as the MHC-like endothelial protein C receptor (EPCR). 52 EPCR is the newly minted stress-regulated molecule that is specifically recognized by Vδ5 T cells. 52 A short summary of major activating ligands for Vδ2 and non-Vδ2 γδ T cells expressed by tumor cells is provided in Table 1 .
Potential of γδ T Cells in Antitumor Immunity: Beyond Direct Cytotoxicity
Human γδ T cells have additional capacities that are worth exploiting for immunotherapeutic purposes. As previously mentioned, activated Vδ2 T cells can take up and process antigens for subsequent (cross-)presentation to antigen-specific αβ T cells. 6 This property can also be extrapolated to tumorassociated antigens. In the tumor microenvironment, Vδ2 T cells might kill tumor cells and subsequently take up antigen by phagocytosis or trogocytosis, followed by presentation to tumor-reactive αβ T cells. 53 The coating of tumor cells with antibodies (e.g., by therapeutic mAbs) could increase with IL-4 production was reported for Vδ1 T cells in low-grade non-Hodgkin lymphoma patients. 42 The ligands potentially recognized on leukemia/lymphoma cells by the Vδ1 TCR have not been unambiguously identified. However, in addition to TCR-dependent pathways, signals delivered via activating receptors suach as NKG2D, natural cytotoxicity receptors (NCR) like NKp30, and DNAX accessory molecule-1 (DNAM-1) play a prominent role in the recognition of tumor cells by these more ambivalent T cells. [40] [41] [42] Intriguingly, MICA is recognized not only by NKG2D but also directly via the Vδ1 TCR, thereby possibly enabling a "superstimulation" of Vδ1 T cells by TCR plus NKG2D. 43 In fact, MICA is frequently expressed on the surface of AML and ALL cells. 44 ULBPs, notably ULBP3, are also expressed on tumor cells of hematological origin and trigger cytotoxicity and/or cytokine production by Vδ1 T cells. 42, 45 Together with the observation that the inducible NKp30 as well as other NCRs enable Vδ1 T cells to kill cells that are resistant to phosphoantigen-activated Vδ2 T cells, 40 it is safe to conclude that Vδ1 have a substantial capacity to attack various leukemia and lymphoma cells, and thus might carry immunotherapeutic potential, provided that efficient large scale expansion would be achievable. Recently, experimental protocols based on the mitogenic stimulation with concanavalin A or immobilized anti-CD3 mAbs have been reported to allow for a robust expansion of Vδ1 T cells (in addition to Vδ2 T cells) when total γδ T cells are used as a starting cell population. 39, 46, 47 Therefore, it appears we are approaching the moment when Vδ1 T cells might also be amenable for adoptive cell transfer studies.
While Vδ1 T cells seemingly have a particular affinity for leukemia and lymphoma cells, other non-Vδ2 γδ T cells might be more prone to kill solid tumors. An exciting example extends the common theme of a shared role of γδ T cells in infection and antitumor immunity, which has been first established for phosphoantigen-reactive Vδ2 T cells, to non-Vδ2 γδ T cells. On the grounds of the previously described selective increase of non-Vδ2 γδ T cells in the blood of renal allograft recipients who developed cytomegalovirus (CMV) infection after can be targeted in immunotherapeutic approaches are summarized in Figure 1 . Taken together, all the open questions need to be addressed when pursuing γδ T cell immunotherapy, but there is no discernable reason to put Vδ2 T cells against non-Vδ2 γδ T cells. Mutualism appears indeed to be a innate part of the multi-faceted nature of these cells.
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independently from each other, it seems more than reasonable to exploit their combined activity, at least in certain types of cancer such as acute leukemia and multiple myeloma, two settings in which both Vδ1 38, 41 and Vδ2 18,58 T cells have been implicated. Moreover, the APC capacity of Vδ2 T cells harbors interesting perspectives for antitumor vaccination. In this regard, it looks as if non-Vδ2 γδ T cells might lose to Vδ2 T cells, but the potential APC function of non-Vδ2 γδ T cells remains to be investigated. Extrapolating the fascinating results on the role of IL-17-producing γδ T cells for successful chemotherapy in mice models to the human setting, it is presently unknown which one of the human γδ T-cell subsets-if any-would mediate a similar functional outcome. Possible activities of human γδ T-cell subsets that Tumor-derived inhibitory cytokines such as TGFβ and IL-10 are decisive factors for driving the development of regulatory γδ T cells. Therefore, an important issue for the development of γδ T cell-based immunotherapies, particularly adoptive cell transfer protocols, is to counteract the inhibitory differentiation pathway in γδ T cells, for instance by co-stimulation with TLR agonists. 56 
Concluding Remarks
γδ T cells are attractive candidates for anticancer immunotherapy, mainly due to their MHC-non restricted antitumor activity. As discussed here, Vδ2 and non-Vδ2 γδ T cells have a partially redundant antitumor profile. While the features and perspectives of these cell subsets have usually been investigated 
